Emission of smoke from various fire sizes and fuels has been examined using data from the literature. The data used for the examination were for the fully ventilated combustion of the mixed fuels of all compositions and for non-mixed single hydrogen atom containing fuels, without highly fire-retarded compositions. The combustion data used were for the smaller (0.008 m 2 in area) and larger (0.911-m 2 area) pool-like configuration. The data were also used for the combustion of fuels in vertical wall-like configuration consisting of single panel ( . The correlation holds for particulate dominated smoke and for fuels with non-particulate dominated smoke in the presence of H and OH atoms provided by other fuels or by the ignition source, such as a hydrocarbon gas burner. Deviation of the experimental data from the correlation appears to be due to the unaccountability of the non-particulates by the optical technique used to measure the particulates. A new technique that could measure both particulates and non-particulates in smoke would make the correlation to hold for all types of fuels and for all types of fire conditions including ventilation. Such a generalized correlation would be useful for smoke modeling and for the smoke hazard assessment.
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Superscripts
. Per unit of time (1/s) INTRODUCTION CO and smoke are products associated with incomplete combustion of a fuel, health problems due to air pollution, fire safety (toxicity and reduced visibility), and property damage in fires (malodor, stain, corrosion, and malfunction of electrical/electronic circuits). CO is a gaseous compound, whereas smoke is a mixture of particulates (mostly soot) and non-particulates consisting of organic compounds [1] : 1) VVOC (very volatile organic compounds): boiling points < 0 to 50-100 o C; 2) VOC (volatile organic compounds): boiling points between 50-100 to 240-260 o C, and 3) SVOC (semi-volatile organic compounds): boiling points between 240-260 to 380-400 o C. Some of the SVOC may behave as particulates.
It is generally accepted that CO and soot compete for free radicals, especially OH and O and thus their formation and emission depend on the availability of free radicals [2] [3] [4] [5] [6] [7] [8] [9] . The following overall kinetics for the soot and CO emission has been suggested [2] :
Soot n +½O 2 = CO + Soot n-1
Soot n + O = CO + Soot n-1
where Soot n represents a soot particle with n carbon atoms. Such a representation may be fair approximation for soot escaping a flame when the C/H ratio of the particle is large (≅ 8).
Fully ventilated combustion data show that CO and soot emissions are correlated and the ratio of their emission rates (or yields) is a constant [2] [3] [4] [5] [6] [7] [8] [9] [10] . It is thus suggested that there is a similarity between the kinetic and air-fuel mixing processes that govern the formation and oxidation of both CO and soot [5, 7, 8] . However, the ratio is not a constant and increases for highly charring, highly halogenated and highly fire retarded fuels with negligible or no hydrogen atoms in the structure and for the under-ventilated fires. The influence of charring, fire retardants and absence or negligible amounts of hydrogen atoms in the fuel structure is compensated if these fuels are burned with other hydrogen atom containing fuels. Examples are the larger-scale parallel panel tests where high intensity propane burner is used as the ignition source that provides H and OH atoms [11, 12, 13] .
The literature data has been used to establish a correlation between the smoke emission rate and heat release rate (governed by the fire size) and the ratio of the yields or emission rates of CO and CO 2 (governed by the combustion chemistry or the generic nature of the fuels) for the fully ventilated conditions. The literature data used in the paper were measured in the smaller-scale experiments in the Fire Propagation Apparatus (FPA) and in the larger-scale experiments in the 5-MW Fire Products Collector (FPC) at FM Global [6, 10 to 14 and references there in] for the fully ventilated combustion conditions.
RELATIONSHIPS BETWEEN SMOKE EMISSION, FIRE SIZE AND COMBUSTION CHEMISTRY
Heat release rate represents the fire size that can vary by several orders of magnitude between the smallerscale and larger-scale experiments. The yield or emission rate ratio of CO to CO 2 represents the combustion chemistry, which is affected by the generic nature of the fuel as well as by the fire conditions. 
where y s is the yield of smoke (g/g), y co is the yield of CO (g/g) and ξ is the ratio of the yield of CO to the yield of smoke. From Eqs. 4 and 5:
where CO G is the emission rate of CO (g/s) and 2 CO G is the emission rate of CO 2 (g/s). In Eq. 6, ξ and 2 CO CO G / G depend on the combustion chemistry that is governed by the fuel structure and fire ventilation conditions, whereas ch Q depends not only on the combustion chemistry but also on the fire size. The dependency of these parameters on the combustion chemistry that is governed by the fuel structure and fire ventilation conditions is reflected in the data in Figs . Thus, a power-type regression analysis was used for the literature data for the fully ventilated combustion to develop a correlation based on Eq. 6, which is shown in Fig. 6 . The correlation is limited to the following ranges: 1) S G from 0.0008 to 8 g/s and 2)
for 0.015 to 100 kW. Data beyond these ranges are mostly for single fuels with little or no hydrogen atoms in the structure, measured in the smaller-scale experiments in the FPA, in the absence of fuels that supply H and OH atoms. Highly charring, highly fire retardant and highly halogenated fuels are examples of these types of fuels. Since the power of 0.96 in Fig. 6 is close to unity, the relationship in Fig. 6 is similar to Eq. 6 and thus the correlation constant 0.053 kJ/g ≈ 0.075/ξ that suggests that ξ ≈ 1.42 g/g.
Emission Rate Ratio for CO to Smoke (ξ)
The ξ values for some selected fuels are listed in Table 1 showing that larger fraction of fuel carbon is converted to soot than to CO. These fuels have higher number hydrogen atoms relative to the carbon atoms in the fuel structure and it is suggested that soot is formed via the polycyclic aromatic hydrocarbon (PAH) precursors, which are important in the hydrocarbon-rich regions [10 and references therein]. For high temperature (highly charring), highly fire retarded and highly halogenated fuels, smoke is dominated by the non-particulates and the average value of ξ >> 0.34 [10 and references therein], suggesting that larger fraction of fuel carbon is converted to CO for these fuels compared to the ordinary fuels. These fuels have reduced or no hydrogen atoms in the fuel structure and it is suggested that soot is formed via the hydrogen abstraction with acetylene (i.e. carbon) addition (HACA) mechanism [10 and references therein]. In Table 1 , the ξ value for the mixed automobile polymers (mixtures of ordinary, charring and halogenated polymers) is high and close to the values for the high temperature and highly halogenated polymers, suggesting that soot is probably formed by both PAH and HACA mechanisms. In a similar fashion, the ξ value of about 1.42 g/g suggested by the correlation (Fig 6 and Eq. 6) is indicative of soot formation by both PAH and HACA mechanisms for fires in general with mixed fuels. Thus, smoke emissions from fires involving mixed fuels are probably mixtures of significant amounts of soot as well as organic compounds that need to be considered for modeling and hazard assessment, rather than the common practice of considering the soot formation alone.
Smoke Composition and Color
Smoke consists of two parts, particulates and non-particulates. Soot is the dominant fraction of the particulates whereas organic compounds are the dominant fraction of the non-particulates. The following expression is derived from the mass balance for the most dominant fire products, which are CO, CO 2 , particulates and non-particulates:
where f CO , f CO2 , f p and f np are the emission efficiencies of CO, CO 2 , particulates and non-particulates respectively, defined as:
where y j is the yield of product j (g/g), n is the number of carbon atoms in the fuel structure, M j is the molecular weight of product j (g/mole) and M f is the molecular weight of the fuel monomer (g/mole). n and M f are calculated from the elemental composition of the fuel. The particulate and non-particulate fractions in smoke, η p and η np respectively, are calculated from the following expressions:
The values of f p , f np , η p and η np calculated from the experimental data measured in the FPA are listed in Table 2 . It is well known that soot fraction in smoke depends on the hydrogen atom fraction in the fuel [2, 5, 7, [15] [16] [17] . Data used in this paper supports this as shown in Fig. 7 , where the η p values from Table 2 are plotted against the hydrogen atom mass fraction in the fuel, X H . Data in Fig. 7 show that η p increases with X H and reaches a value close to unity for X H ≥ 0.14. For highly fluorinated polymers, there are no hydrogen atoms in the fuel structure and thus X H = 0 and η p = 0.
For the high temperature polymers with similar X H values, η p values are smaller than the values for the halogenated and ordinary polymers. This may due to the higher C-C atom bonds in the high temperature polymers compared to other polymers as OH concentration depends on the C/H ratio, which is a function of the number of C-C bonds. The relationship between η p and X H for wood in Fig. 7 is similar that for the high temperature polymers.
The η p and η np values govern the color of smoke. Smoke color changes from black to white as η p decreases and η np increases. Black color of smoke is used as an indicator of smoke emission both qualitatively (visually) as well as quantitatively (optical technique), and thus polymers with higher η p values are considered as higher smoke emitting polymers, whereas polymers with lower η p values are considered as lower smoke emitting polymers. Figures 4 and 8 show examples of smoke emission from the combustion of a high and a low smoke-emitting polymer respectively. Figure 4 shows the combustion of high smoke emitting PVC for which η p = 0.303 and η np = 0.697 and the color of smoke is grayish black rather than completely black as 70 % smoke is soot and 30 % of smoke is a mixture of organic compounds. Figure 8 shows the combustion of low smoke emitting polyetherimide (PEI) for which η p = 0.066 and η np = 0.934 and the color of smoke is white as soot is only 7 % of smoke whereas 93 % of smoke consists of the organic compounds.
Emission Rate and Particulate and Non-Particulate Fractions in Smoke
For the development of the relationship for the average smoke emission rate given in Eq. 6, no consideration was given to the η p and η np values for the fuels. The correlation based on Eq. 6 and shown in Fig. 6 , however, is for the smoke with particulates as the dominant component of smoke, as the light extinction data were used, which provide data mainly for the particulates. Data for the polymers for which non-particulates were the dominant components of smoke, were not used in Fig. 6 , as they showed deviations from the correlation. These included data for single fuels with little or no hydrogen atoms in the structure, such as fluorinated ethylene-propylene, FEP, and high temperature polymers and data for Φ > 0.70. The smoke compositions for these types of fuels for the fully ventilated combustion are listed in Table  2 . Ventilation also affects the η p and η np values. The high η p values for the ordinary polymers for fully ventilated combustion decrease as conditions change to under-ventilated or fuel-rich (increase in the Φ value) and become comparable to the values for the high temperature and highly halogenated polymers (Table 2 ). For example, for methane and ethylene, the high η p values for the fully ventilated combustion decrease significantly and η np values become high for the under-ventilated combustion, as shown by the data listed in Table 3 that are taken from Ref. 5 and references therein. For methane for Φ = 4, smoke emission is lighter in color (yellowish appearance) than the smoke emission at Φ = 1 [5 and references therein]. This confirms the higher η np value at Φ = 4, listed in Table 3 . For ethylene at Φ = 4, soot particles agglutinates indicating presence of liquid-like component which is not present at Φ = 1 [5 and references therein]. This also confirms the higher η np value at Φ = 4, listed in Table   3 . 
